Abstract-This paper proposes a new smart under frequency load shedding (UFLS) scheme, based on Takagi-Sugeno (TS) fuzzy inference system and flexible load priority. The proposed scheme consists of two parts. First part consists of fuzzy load shed amount estimation module (FLSAEM) which uses TS-fuzzy to estimate the amount of load shed and sends its value to accurate load shedding module (ALSM) to perform accurate load shedding using flexible load priority. The performance of the proposed scheme is tested for intentional islanding case and increment of sudden load in the system. Moreover, the response of the proposed scheme is compared with adaptive UFLS scheme to highlight its advantages. The simulation results show that the proposed UFLS scheme provides the accurate load shedding due to advantage of flexible priority whereas adaptive UFLS scheme due to fixed load priority does not succeed to achieve accurate load shedding.
INTRODUCTION
The global apprehension on environmental security and deregulation in the power industry has make it inevitable to utilize the DG resources for the production of electrical energy [1] . Currently, most of DGs are operating in parallel with the utility grid to fulfil the enhanced demand of load. However, in case of islanding event, these DGs are disconnected from the grid to avoid any severe consequences. Islanding condition is a phenomenon in which distribution system is isolated from grid due to severe fault; yet continue to be supplied from the distributed generation unit connected to distribution system [2] - [4] .
Islanding may cause several safety hazards issues, power quality issues, voltage and frequency stability issues during islanding. Due to the aforementioned severe consequences of islanding, it is recommended by the IEEE Std 1547 [5] , and IEEE Std 929 [6] to disconnect the DG within 2 seconds from the distribution network. However, if DG is isolated from the distribution network then its full capacity will not be utilized.
Furthermore, an intentional islanding operation of distribution network may have the advantage that it can utilize the maximum capacity of DG, improve reliability of distribution system, reduce the congestion of transmission and distribution network [7] . Thus, an intentional islanding operation of a distribution system may be advantageous if various issues concerned to it are addressed satisfactorily.
When a distribution system operating at peak capacity is islanded, the frequency will go down very fast and requires an efficient load shedding technique to shed some load in order to stabilize the frequency [8] . However, despite of the development in computer and communication technologies, power system around the globe still using conventional load shedding approaches and has not changed for decades. The conventional UFLS scheme has the limitation that they shed surplus or insufficient amount of load shed. Due to this, conventional under frequency load shedding (UFLS) schemes has resulted in huge number of power blackouts around the globe. This has put question mark on the reliability of these conventional UFLS schemes [9] , [10] . The use of latest advancement in computer and communication may be a good option in terms of the technical perspectives to enhance the reliability of existing huge and complicated power systems [11] .
Accurate load shedding depends upon two main factors; estimation of load shed amount and accurately disconnecting that amount of load. However, most of the research trend remains in the direction of accurate estimation of load shed amount only. For accurate estimation of load shed amount, mostly power swing equation is employed. However, power www.ijacsa.thesai.org swing equation also suffers from inaccurate estimation due to variations in rate of change of frequency (ROCOF) behavior. It has been found that ROCOF value greatly affects due to operating capacities of a power system (base load and peak load capacity), system voltage profile and load voltage characteristics [12] . The values of ROCOF are different for similar amounts of load variation at base and peak capacity. This variation in ROCOF behavior causes the inaccurate estimation of the power imbalance which leads to inaccurate load shedding [13] . In order to overcome this difficulty, a novel UFLS scheme is presented in reference [14] , using the frequency second derivative as a source of information to predict the trajectory of frequency. The scheme used Newton method based approximation and the interpolation of the frequency second derivative to predict the minimum frequency value that can provide the actual load shedding. The scheme has the advantage that it sheds lesser amount of load shed and supplied most of the load to the system [14] .
Further efforts to accurately estimate the load shed amount/power imbalance were the application of computational intelligence based techniques such as artificial neural network, fuzzy logic control, adaptive neuro fuzzy inference system, and genetic algorithm. However, as the accurate load shedding not only depends upon the accurate estimation of load shed amount but accurate amount of load to be disconnected is also another important factor to be considered. This resulted inaccurate load shedding in many adaptive techniques proposed in [15] - [18] and computational intelligence techniques proposed in [19] - [23] despite of accurate estimation. Though, it was proved by above researchers that adaptive and computational intelligence based UFLS schemes shed lesser amount of loads compared to traditional UFLS schemes. Nevertheless, the frequency overshoot in all of these techniques clearly indicates that these techniques have disconnected some extra loads.
The justification for accurate load shedding may be obtained if the DG frequency restores to reference value without any overshoot. This may be obtained if the loads of distribution system which are taking part in load shedding are given some flexible priority instead of fixed priority. This flexibility can be achieved if vital loads are given fixed priority and non-vital loads are given flexible priority. With this flexible load priority arrangement, the accurate amount of load can be shed by disconnecting those loads whose total value is almost equal or near to the load shed amount. This may also lead to frequency recovery without overshooting. The proposed UFLS scheme employs both factors. For accurate estimation of load shed amount, it employs Takagi−Sugeno fuzzy inference system and for accurate amount of load to shed, it employs flexible load priority.
II. METHODOLOGY
The proposed UFLS scheme is considered to operate and monitor distribution network after the occurrence of islanding event. It consists of two main modules:
The explanation of these modules is presented in the following sections:
A. Fuzzy Load Shed Amount Estimation Module (FLSAEM) Description
The first module of the proposed UFLS scheme consists of fuzzy load shed amount estimation module. This module is used to estimate the accurately load shed amount during islanding, or load increment events. It uses Takagi−Sugeno fuzzy inference system. The FLSAEM has two inputs namely centre of inertial frequency and rate of change of centre of inertial frequency and one output load shed amount [24] : FLSAEM will estimates the accurate amount of load shed between the generation and load demand using these input values. The modeling of Takagi−Sugeno fuzzy inference system comprises fuzzification, rule base inference mechanism, and defuzzification steps. Fuzzification is the process of converting crisp statements into fuzzy statements by using membership functions. The membership function of input and output are shown in Fig. 1 to 3.
The linguistic variables membership functions of input centre of inertial frequency are COF (Cut-off frequency), VELF (Very extremely low frequency), ELF (Extremely low frequency), VLF (Very low frequency), LF (Low frequency), and NF (Normal frequency). These fuzzified inputs are evaluated by rules through fuzzy inference mechanism and are applied in IF-THEN rule form followed by defuzzification step through weighted average method to get final real output. FLSAEM sends this value to Accurate Load Shedding Module (ALSM) via a communication link to disconnect the loads.
B. Accurate Load Shedding Module
ALSM module after receiving the load shed amount (LSA) from FLSAEM module, it will check frequency limit of 49.5 Hz in order to prevent the activation of load shedding schemes for smaller load variations [25] . From this step, amount of load can be shed by two ways. One way to perform load shedding is to disconnect the loads with fixed load priority. This may result in inaccurate load shedding despite of accurate estimation of power imbalance. Another way to get accurate load shedding is to disconnect the loads with random load priority. This random load priority may be able to accurately disconnect the required load and frequency may restore to its nominal value without overshoot. The proposed UFLS scheme applies the later approach to obtain the accurate load shedding. Hence, ALSM after receiving the load shed amount from FLSAEM determines the magnitudes of random priority loads. By using this information, the proposed algorithm calculates the number of possible combinations, as given by: (1) where N shows the quantity of random loads. After this, ALSM determines the load summation and absolute error in each combination as below:
where, (Error) i = absolute error of the i th combination, LSA = load shed amount, ∑P i_combination = sum of active power of i th combination. The combination with minimum error is selected for disconnecting the loads in order to obtain the accurate load shedding. To perform this, the proposed ALSM module sends the signals directly to the breakers of these loads in order to trip them. In case, the load shed amount is higher than the total magnitude of random priority loads, ALSM will perform load shedding in two steps. At the first step, ALSM will disconnects all random priority loads whereas in the second step, it will start disconnecting the fixed priority loads until the condition ∆P ≤ 0 is achieved. The delay time consisting of computation, communication, and breaker operation is considered as 120 milliseconds. The flow chart of proposed UFLS scheme is shown in Fig. 4 . III. MODELING OF TEST SYSTEM AND PROPOSED UFLS SCHEME
In this research, a 102-bus distribution network is considered to validate the proposed under-frequency load shedding scheme. The network is part of an existing Malaysia distribution network. The test system consists of 102 buses, 79 lumped loads and 9 mini-hydro generators as shown in Fig. 5 . As indicated in Fig. 5 , a bus coupler's breaker for an 11kV network is located at the intersection of bus 2 and bus 3. To improve the voltage profile, capacitor banks with ratings 0.3MVAR and 0.5MVAR are used at buses 85 and 72, respectively. The modeling of the various components of test system is done by using the standard models for exciter, governor, and hydraulic turbine in PSCAD/EMTDC library.
A. Modeling of Proposed UFLS Scheme in Matlab and
Interfacing with PSCAD PSCAD/EMTDC and MATLAB interface technologies are used for FLSAEM and ALSM modeling. More specifically, the Takagi−Sugeno fuzzy inference system and ALSM module are built in MATLAB and distribution system is modelled in PSCAD. This FLSAEM modeling and its interfacing with MATLAB requires three main components to perform interfacing successfully. 3) MATLAB fis file which consists of Takagi-Sugeno fuzzy inference system.
To call sub routine, MATLAB block in PSCAD/EMTDC is built by creating a new component. This new MATLAB block can be developed by using a program written by the authors. The program asks for the name of the new component and number of input, output and their names. A graphical icon of the block is then automatically generated along with an empty m-file, which is opened for user input in a text editor shell. The user should then enter the appropriate MATLAB statements into this m-file. Fig. 6 shows the sub routine written in FORTRAN command for interfacing with PSCAD. The second step required is to write MATLAB code in MFile for calling fuzzy inference system (fis) file. Fig. 7 shows the m-file structure in which TS-fuzzy is called to estimate the power imbalance whereas Fig. 8 shows the PSCAD and Matlab interface arrangement. In total, 11 loads in distribution system are chosen to take part in load shedding. Among these loads, load ranked 1 to 6 are given random priority and load ranked 7-11 are given fixed priority. Table I shows loads with their priority rankings.
The loads with random priority can be disconnected without following any sequence. 
B. Modeling of Adaptive UFLS Scheme
To highlight the robustness of the proposed UFLS scheme, its response will be compared with adaptive UFLS scheme which employs swing equation to perform load shedding. This UFLS scheme will also initiates when the system frequency falls below the 49.5 Hz threshold. The overall 11 stage load shedding plan considered for proposed UFLS scheme; and adaptive scheme are shown in Table I .
IV. SIMULATION RESULTS
To demonstrate the effectiveness of proposed UFLS scheme, its response is tested for several intentional islanding, and load increment cases. Furthermore, its response is also compared with adaptive UFLS scheme to show its effectiveness. The following sections provide the detailed comparison of both schemes for different cases.
A. Intentional Islanding Operation Case
In this case, islanding operation of distribution system is simulated. For this purpose, grid breaker is disconnected at t=5 s. The total load demand of the test system in this case is 18.7 MW from which 15.2 MW is supplied by the DG units and 3.5 MW is supplied by the utility grid. This results in power mismatch of 3.5 MW. The test system possesses a 0.9 MW of total spinning reserve. Upon occurrence of islanding event, FLSAEM checks first frequency limit of 49.5 Hz. After checking this, FLSAEM using frequency and rate of change of frequency measurements, estimates the load shed amount for this case and sends this amount to ALSM module. For a 3.5 MW power imbalance, the FLSAEM module determines 2.6 MW as the load shed amount. The ALSM module after receiving load shed amount, determines that among 11 loads, six loads have random priority. The maximum number of combinations for 6 random priority loads is 63 and is shown in Table II . After this, the ALSM module determines the sum and absolute error of each combination. The ALSM will select the combination with minimum error for load shedding. th and 6 th respectively. The proposed UFLS scheme directly sends signals to shed these loads in order to make islanding operation successful. The frequency response of all three UFLS schemes is shown in Fig. 9 , www.ijacsa.thesai.org whereas power imbalance, total amount of load shed, and other parameters of both these techniques are shown in It can be observed from Fig. 9 that adaptive scheme possess very high overshoot compared to proposed UFLS scheme. On the other hand, absence of overshoot in the frequency response of proposed UFLS scheme justifies that it has achieved the accurate load shedding.
The adaptive UFLS scheme has resulted in an overshoot of 50.23 Hz. The reason for this overshoot is that an adaptive UFLS scheme has not included the spinning reserve in estimating the load shed amount. Due to this, it has resulted in shedding of extra loads. Hence, for 3.5 MW power imbalance, adaptive UFLS schemes has shed 3.519 MW load whereas, the proposed UFLS scheme has shed the 2.613 MW due to the advantage of random priority. This accurate load shedding has caused the restoring of system frequency to its original value without overshoot. The adaptive based UFLS scheme has disconnected the first 6 loads whereas the proposed UFLS scheme has disconnected 1 st , 3 rd , 5 th and 6 th loads only. Thus, addition of random priority to few loads can provide flexibility to achieve accurate load shedding. 
B. For Load Increament
This case is simulated for load increment scenario when the system is operating in islanded mode. For this case, an addition of 1.5 MW load at Bus 10 is simulated at t=5 s. Upon addition of this load, FLSAEM checks first frequency limit of 49.5 Hz. After checking this, FLSAEM using frequency and rate of change of frequency measurements, estimates the load shed amount for this case and sends this amount to ALSM module. For a 1.5 MW load increment, the FLSAEM module determines 0.6 MW as the load shed amount. The frequency response of both UFLS schemes is shown in Fig. 10 , whereas power imbalance, total amount of load shed, and other parameters of all these schemes are shown in Table IV . It can be noticed from the Fig. 7 and Table IV that the adaptive UFLS scheme has very high overshoot compared to proposed UFLS scheme. The adaptive UFLS scheme has resulted in an overshoot of 50.24 Hz. The reason for this overshoot is that an adaptive UFLS scheme has not included the spinning reserve in estimating the load shed amount that has resulted in shedding of extra loads. However, the proposed UFLS scheme because of random load priority has disconnected 0.609 MW load.
The frequency response of the proposed UFLS scheme restores to its original value without overshoot. The adaptive UFLS scheme has disconnected the loads up to 5 th ranked whereas the proposed UFLS scheme has disconnected 2 nd and 3 rd ranked loads only. This accurate load shedding has caused the restoring of system frequency to its original value without overshoot.
V. DISCUSSIONS
From the simulation results, it can be observed that proposed UFLS scheme based on combination of random and fixed load priority provides flexibility that leads to accurate load shedding. The response of the proposed UFLS scheme has been compared with adaptive based UFLS scheme in terms of load amount shed, frequency undershoot and overshoot for different scenarios of islanding event, and load increment case. The simulation results of adaptive UFLS scheme have shown that despite of the accurate estimation of power imbalance, adaptive UFLS scheme is not succeeded to achieve accurate load shedding. This happened due to fixed load priority, and inability to consider the spinning reserve in estimation of load shed amount. Furthermore, the adaptive UFLS scheme possessed very high overshoot, disconnected higher amount of load compared to proposed UFLS scheme. On the other hand, the performance of proposed UFLS scheme in all cases has shown that it has smaller undershoot, shed lesser loads compared to adaptive UFLS scheme. In proposed UFLS scheme performance, the restoring of system frequency to its original value without overshoot has justified that the proposed scheme has achieved the accurate load shedding. Hence, it can be concluded that providing random load priority in few loads of the distribution system can assist the UFLS scheme to obtain accurate amount of load shedding. The proposed technique considers only six random loads. However, in future, some optimization techniques may be used to overcome this limitation of random load priority. It is necessary because power system may contain large number of loads and the performance of the proposed technique can be improved by overcoming this limitation.
VI. CONCLUSION AND FUTURE WORK
This research has proposed a new smart under frequency load shedding (UFLS) scheme to enable successfully the intentional islanding operation of distribution system connected with distributed generation. The proposed UFLS scheme was mainly consisted of fuzzy load shed amount estimation module (FLSAEM) and accurate load shedding module (ALSM). The FLSAEM used Takagi-Sugeno fuzzy inference system to estimate the accurate load shed amount and ALSM perform the accurate load shedding based on flexible load priority. The performance of the proposed UFLS scheme is validated for islanding event, and load increment case. To further highlight the advantages of proposed UFLS schemes, its response has been compared with adaptive UFLS scheme. The simulation results have shown that the proposed UFLS scheme has achieved the accurate load shedding due to advantage of flexible priority whereas adaptive UFLS scheme due to inaccurate estimation and fixed load priority have not succeeded to achieve accurate load shedding. Thus, it has been proved that load priority plays an important role in accurate amount of load shedding. In future, for smart grid, this factor should also be considered in order to achieve enhanced accuracy of the under frequency load shedding schemes. In the future work, an optimization technique will be used to consider large number of random priority loads in order to enhance the capability of the proposed technique for large power system. Adaptive UFLS Scheme
